A highly abundant satellite DNA comprising 17% of the Tribolium castuneum (Insecta, Coleoptera) genome was cloned and sequenced. The satellite monomer is 360 bp long, has a high A+T content of 73%, and lacks significant internal substructures.
Introduction
Highly repetitive, tandemly arranged DNA sequences or satellite DNAs are genomic components of all eukaryotic species, typically located in centromeric or telomeric heterochromatin (Miklos 1985; Charlesworth, Sniegowski, and Stephan 1994) . They often differ significantly in sequence, reiteration frequency, and chromosomal distribution even in closely related species, making their comparison very difficult. However, conserved satellite DNAs can be found either in closely related species (Sainz and Cornudella 1990) , in a whole group of species (Arnason et al. 1988) , or shared among evolutionarily distant groups (Abad et al. 1992) . Such conserved satellite DNAs can be used for an assessment of the evolutionary relationships among the related species (Bachmann and Sperlich 1993; Vidal-Rioja, Zambelli, and Semorile 1994) .
Comparison of satellite DNAs from 10 species belonging to different genera of the insect family Tenebrionidae (Coleoptera) reveals considerable interspecific varieties, making them species-specific (Petitpierre et al. 1995; UgarkoviC et al. 1995) . All examined satellites can be classified into two groups according to monomer size: the first one with a basic repeating unit between 100 and 160 bp, and the second with a monomer length of about 360 bp. Their sequences do not contain subrepeats and are considered unique. Within the genus Tribolium, which belongs to the same family, a significant genomic fraction is composed of highly abundant, tandemly repeated sequences. Satellites from T. freemani , T. confisum (Plohl et al. 1993) , and T. madens (UgarkoviC, Durajlija, and Plohl 1996) comprise 31%, 40%, and 35% of the respective genomic DNA and are exclusively located in the regions of pericentromeric heterochromatin. While T. freemani and T. confusum have a single satellite, T. madens contains two related satellites colocalized in the heterochromatic regions (UgarkoviC, Durajlija, and Plohl 1996) . Analysis of the complexity of the T. custuneum genome by reassociation kinetics shows the presence of a highly repetitive fraction comprising 22.7% of the genome, with a long period interspersion pattern (Brown et al. 1990 ). Cytogenetic studies have been performed on 200 species from a family Tenebrionidae, showing a conserved karyotype with prevalent chromosome number of 2n = 20 (Smith and Virkki 1978; Juan and Petitpierre 1991) . Analysis of eight species from the genus TriboZium reveals a canonical karyotype in all cases but that of T. confusum, in which the chromosome number 2n = 18 is suggested to be derived from the former by an X-autosome translocation (Smith 1952; Shimeld 1989) . A striking feature of tenebrionid species turns out to be a prominent region of pericentromeric heterochromatin, detected on all chromosomes, varying between 25% and 58% of the total chromosome length (Smith 1952; Weith 1985; Juan and Petitpierre 1989) . The large heterochromatic blocks, pericentromerically located on all chromosomes of Tribolium freemuni and Tribolium confusurn, have been demonstrated by either C-banding or in situ digestion with restriction enzymes having rare recognition sites in heterochromatic DNA Plohl et al. 1993) . A recently reported banding study on T. custuneum chromosomes using the restriction enzyme Hpu II enabled identification of each chromosome in the complement (Stuart and Mocelin 1995) . In this paper we present a novel repetitive sequence detected in the genome of T. custuneum, analyzed with respect to structure, abundance, organization, and chromosomal localization. Furthermore, the characterized satellite DNA is compared with known satellites from other Tribolium species, aiming to define potentially conserved structural elements among them. Phylogenetic relationships of these species are inferred from se- 2  2  3  --3   HinfI  DraI  130  140  150  160  170  180  190  200  210  220  230  240   TTGTTGATTTAAAATACACTTAATTTATTGGGTCCAATACTTTATTAGAAGAAAAAGGAAG  TGACATAAAAGTCACTGAAGTCTTCAGAGTCG  TTTTAAATGCTGCA  GTTTCGTCTTCGT bands as well as bands shorter than 360 bp which are observed in all digestions ( fig. 1A ) also show hybridization signals on Southern blot. Their occurrence may be explained as a result of the appearance of additional restriction sites due to single-point mutations in satellite monomers.
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A search for sequence similarity with other satellites or sequences deposited in the EMBL gene bank reveals no significant similarity, pointing to species specificity of this satellite DNA. The abundance of the satellite, determined by densitometric analysis of DNA digestions separated on agarose gel, is 17% of the total genomic DNA. Taking into consideration the T. castaneum haploid genome size of 0.203 pg (Alvarez-Fuster, Juan, and Petitpierre 1991) , the estimated copy number of the satellite monomer is 8.6 X l@/haploid genome. consensus sequence reveals single-point substitutions contributing to about 80% of all mutations. The observed changes are randomly spread over the whole sequence, with no indications of clustering ( fig. 2) . In some cases, the same nucleotide substitution is shared between two monomers.
Shared changes are usually considered to reflect spreading of sequence variants in the repetitive family in opposition to independent mutational events (Pages and Roizes 1984; Strachan, Webb, and Dover 1985) . The remaining 20% of the mutations consist of single-nucleotide deletions and insertions. The overall sequence variability is 3.6%, very similar to that found in other tenebrionid satellites (Petitpierre et al. 1995; Ugarkovic et al. 1995) .
Chromosomal
Localization of Satellite DNA
Internal Sequence Organization and Sequence Variability
Due to a high A+T content of 73%, a series of short stretches composed exclusively of A's or T's can be observed within the monomer sequence of the T. castaneum satellite. However, a search for subrepeats did not give any indication that the satellite has been derived from the amplitication of short, simpler motifs. Therefore, the monomer sequence of 360 bp can be considered unique. Despite the presence of frequent A+T stretches, neither the satellite monomers nor the multimers exhibit the retarded mobility on native polyacrylamide gels characteristic of sequence-induced DNA curvature (not shown). Three pairs of inverted repeats which have a potential to induce a formation of stable dyad structures were found and are depicted in figure 2. Among them, the inverted repeat designated number one exhibits the highest thermodynamic stability.
T. castaneum has a 2n = 20 complement of chromosomes and a meioformula 9 + XYp, where p indicates association between sex bivalents in the form of parachute. The chromosomes are small with average lengths between 2 and 3.5 km (Shimeld 1989) .
Staining chromosomes with fluorochrome DAPI, specific for A+T-rich regions, reveals the presence of bright, fluorescent signals coincident with pericentromerically located heterochromatic blocks ( fig. 3A) . Fluorescent in situ hybridization using the cloned satellites as probe confirms the assumption that the large heterochromatic blocks contain satellite DNA. The hybridization signal visible on large pachytene bivalents is very compact (fig. 3B) . Moreover, hybridization analysis reveals uniform distribution of satellite DNA in the heterochromatic regions of all 20 chromosomes ( fig. 3C ).
Sequence Comparisons and Search for Structural Elements
Analysis of the sequence variability among five The characterization of satellite DNAs from the randomly cloned satellite monomers in relation to the species T. freemani, T. confusum, and T. madens pre- peat in the satellite sequence is positioned 26 nt upstream of the A+T-rich region in T. castuneum and, similarly, 2 1 nt upstream of the A+T block in the T. freemani satellite ( fig. 5A and B) . In the T. confisum satellite, the most stable inverted repeat is located immediately downstream the second A+T block ( fig.  50 , while in T. madens the inverted repeats are positioned 13 and 16 nt upstream of A+T block in satellites I and II, respectively ( fig. 5D and ZZ). There is no similarity among the mentioned regions either in sequence or in stem and loop length, except in the highest probEvolution of Tribolium Satellites 1063 ability to form a stable secondary structure. Additionally, in T. mudens satellite II, due to inversion of a basic lOO-bp-long subunit, one long inverted repeat comprises a large part of the satellite monomer between positions 5 and 205 (Ugarkovic, Durajlija, and Plohl 1996) .
Discussion
Recent comparative studies on satellites from primates and birds revealed that in spite of rapid sequence divergence, some short structural motifs remain conserved among satellites belonging to relatively evolutionarily distant species (Madsen et al. 1994; Haaf et al. 1995) . In the case of the primate alpha satellite this conserved element is a 17-bp sequence named the CENP-B box which is recognized by a conserved, centromereassociated protein (Muro et al. 1992 ). The motif is located within the centromeric regions of all chromosomes, except the Y, of most primate species (Haaf et al. 1995) . The same 17-bp sequence is also found in a minor satellite DNA of Mus muscuZus, which is considered to be a functional part of the mouse centromere (Broccoli, Miller, and Miller 1990) . Comparative analysis of satellite DNAs from species belonging to different avian families disclosed a number of elements, with sizes from 3 to 10 bp, that are well conserved interspecifically with respect to sequence and location (Madsen et al. 1994) . The sequencing of satellite DNAs from different rodent species identified the 6-bp repeating unit conserved in satellites belonging to the three major suborders of rodents (Fry and Salser 1977) . The conservation of simple satellite sequences is also characteristic of Drosophila satellites. The sequences of 10 simple satellites from D. melunoguster are highly conserved in most of its sibling species, but they differ significantly in amount (Lohe and Roberts 1988) . Among tenebrionid species a monomer length of 142 bp and tertiary struc- ture in the form of a left superhelix is characteristic of satellites from Tenebrio molitor, Tenebrio obscurus, and Palorus ratzeburgii (Plohl and Ugarkovic 1994) . It is supposed that conserved structural characteristics such as the left superhelix could be important for specific protein recognition, playing the same role as the short sequence motifs do in satellites of mammals and birds.
The T. castaneum satellite shows characteristics common to satellites from other Tribolium species: it is highly abundant, is located in the pericentromeric region of all chromosomes, and has a high A+T content. Interestingly, none of the Tribolium satellites exhibits retarded mobility on native polyacrylamide gels, typical for sequence-induced curvature, detected in many other A+T-rich satellite sequences (RadiC, Lundgren, and Hamkalo 1987; Martinez-Balbas 1990; Ugarkovic et al. 1992; Plohl and Ugarkovic 1994) . On the contrary, a prominent structural characteristic found in all Triboliurn satellites is an A+T-rich block composed of about 95% A's or T's, having a size of from 20 to 42 nt. A+T blocks differ in sequence between the satellites but have a conserved motif (A3_5TA). In close proximity to the A+T block (up to 26 nt) there is an inverted repeat which potentially could form stable dyad structure. Similar structural features were detected in the repetitive DNA associated with centromeres of Chironomus palZidivittatus. The 155bp tandem repeat contains a 26-ntlong A+T-rich block surrounded by two inverted repeats (Rovira, Beermann, and Edstrom 1993) . It is not known whether these particular structures are important for centromere function. However, extensive studies characterizing functional mitotic and meiotic centromeres in the budding yeast Saccharomyces cerevisiae showed that a 125bp structural element is necessary for centromere function. It contains a central element which does not carry any detectable conserved sequence motif, but is always A+T-rich (87% to 98%) and flanked by another structural element carrying inverted repeats (Schulman and Bloom 1991; Fleig, Beinhauer, and Hegemann 1995) . Thus, in spite of rapid evolution of centromeric DNA, some structural elements remain conserved even among distantly related species, indicating their possible functional importance.
The position of the centromere is approximately in the center of a heterochromatic block on each T. castaneum chromosome (Smith 1952) . A fluorescent signal obtained after in situ hybridization with satellite DNA is equally distributed along the heterochromatin, most likely within the region of the centromere.
Due to the small size of the chromosomes and the low resolution of in situ hybridization
it cannot be concluded with certainty from cytogenetic data whether this satellite DNA is actually associated with the centromeres of T. castaneum. However, conserved structural elements in the form of A+T-rich blocks adjacent to inverted repeats, satellite DNA of unique sequence (Ugarkovic et al. 1995) . If satellite DNAs were "parasitic" or "junk" DNA, then a random pattern of evolution would be expected, resulting in their divergence unrelated to the divergence of the remaining genome (Lohe and Roberts 1988) . Comparison of Tribolium satellites reveals low similarity in primary structure. The highest sequence similarity is exhibited by two satellites from T. madens, which clearly evolved from a common ancient lOO-bp sequence (Ugarkovic, Durajlija, and Plohl 1996) . The dendrogram derived from satellite sequence data corresponds to the cladogram already proposed for Tribolium species, based on three independent character sets: karyological, chemotaxonomic, and hybridization data ). The closest relationship is proposed for T. castaneum and T. freemani, which are classified as sibling species and are able to hybridize interspecifically, producing abundant but sterile progeny (Nakakita, Imura, and Winks 198 1; Ford, Sokoloff, and Sokoloff 1992) . Closely related to these two species is T. madens, while T. confusum seems to be more distant according to both types of phylogenetic analyses. It can be concluded that in the case of Tribolium species, evolution of satellite DNA corresponds to the evolution of some other genetic and cytogenetic characteristics.
Occurrence of high sequence divergence among satellites in opposition to low variability of their corresponding repetitive units can be explained in terms of efficient homogenization mechanisms in a process of molecular drive, spreading changes concomitantly throughout a repetitive family and within the reproductive population (Dover 1982 (Dover , 1993 . Despite the high rate of evolution, species-specific Tribolium satellite sequences are still able to reflect phylogenetic relationships, indicating the importance of the evolution of repetitive systems in the process of speciation. Moreover, the presence of common structural features in the form of stable dyad structure and A+T box which show a conserved pattern of organization is characteristic of these satellites. The results suggest that the overall pattern of satellite DNA evolution cannot be considered random, indicating possible biological significance of this class of highly repetitive DNA. However, to get deeper insight and firmer conclusions about the evolutionary process, analysis of satellites from other Tribolium species should be performed.
